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Abstract 29 
Background: Environmental metagenomics is typically accomplished by annotating WGS 30 
sequences or assigning taxonomy based on 16S amplicon sequences.  Both of these approaches 31 
provide species annotations that are limited by read length.  A nanopore-based sequencing 32 
platform, MinION™, produces reads that are ≥1104 bp in length, potentially providing for more 33 
precise assignment of taxa, thereby alleviating some of the error inherent in determining 34 
metagenome composition from short reads.  We tested the ability of sequence data produced by 35 
MinION (R7.3 flow cells) to correctly classify prokaryotes in single-species runs and in three 36 
types of simple mixed synthetic communities: a mixture of DNA using equal quantities from four 37 
species, a community with one relatively rare (1%) and three common (33% each) components, 38 
and a community with 20 species of staggered representation.  Community analysis was 39 
performed by three methods: BlastN, Kraken, and MG-RAST. 40 
 41 
Results: MinION long reads for single-species runs (R7.3 flow cells) yielded as few as 224 to as 42 
many as 3,497 bidirectional high-quality (2D) reads with an average overall study length of 6,000 43 
bp.  For the single-species analyses, assignment of reads to the correct genus ranged from 25% to 44 
95%, and the majority of mis-assigned reads were to related organisms. The synthetic 45 
metagenome yielded 714 high quality 2D reads of approximately 5,500 bp that were 88% 46 
correctly assigned.  Synthetic metagenomes run using the MinION Mk1 device (R7.3 flow cells) 47 
yielded 899-3,497 2D reads with lengths averaging 5,700 bp; the best assignment being 97% 48 
correct.  Community proportions for “equal” and “rare” synthetic libraries were close to the 49 
known proportions, deviating from 0.1 – 10% across all tests.  For a 20-species mock community 50 
with staggered contributions, a sequencing run detected all but 3 species (each included at 51 
<0.05% of DNA in the total mixture); 71% of reads were assigned to the correct species, 75% of 52 
reads were assigned to the correct genus, and >99% of reads were assigned to the correct family. 53 
 54 
Conclusions: At the present high quality output level (just under 4103 2D pass reads for an 55 
environmental metagenome), MinION sequencing followed by Kraken analysis has the potential 56 
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to provide rapid and accurate metagenomic analysis where the environmental consortium is 57 
comprised of a limited number of taxa.  Important considerations noted in this study are that the 58 
MinION platform is very sensitive to DNA quality, variation is high across libraries and flow 59 
cells, the relatively small numbers of 2D reads per analysis limit metagenomic analysis where 60 
thousands of taxa are expected, and these same qualities limit detection of very rare components 61 
of microbial consortia.  Nevertheless, the fact that >97% of high quality reads generated by 62 
MinION can be confidently assigned to expected taxa and in most cases mirror the known 63 
proportions in a mixture warrants further exploration of practical application to environmental 64 
metagenomics as the platform continues to develop and improve.  With advances in throughput 65 
and error rate, this platform shows great promise for precise real-time analysis of both the 66 
components and the relative representation of more complex communities, free from 67 
amplification biases introduced by PCR-based metagenomic analyses. 68 
 69 
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Background 85 
Environmental metagenomics employs molecular genetic markers to identify ecologically and 86 
epidemiologically important components of sediments, soils, waters, and surfaces.  Knowledge of the 87 
consortia that inhabit these ecosystems allows for better understanding of the organisms and their 88 
ecological roles, provides for creation of effective strategies to mitigate ecosystem damage, and 89 
allows evaluation of the responses of species to environmental change.  One common sequencing 90 
approach in environmental metagenomics involves sequencing and subsequent annotation of whole 91 
genome nucleic acid fragments (WGS) extracted directly from water or sediment to discover major 92 
components of the ecosystem; if sequenced deeply enough, rare species can be detected.  For well-93 
studied components of the microbial community, such metagenomic data also can be used to 94 
characterize the functional potential of complex communities. 95 
One approach to analyzing a set of WGS sequences is to assemble them into large contigs prior to 96 
analysis and annotation.  If assembled correctly, contigs have a greater chance of identifying the true 97 
components; however, when assembling contigs from a community of related species, there is a high 98 
likelihood of generating chimeric contigs.  If WGS reads are not assembled, there is no chance of 99 
chimeras and more true diversity can potentially be uncovered through annotation, but very short 100 
reads can lack the information needed to properly identify the source of the read due to conservation 101 
of gene sequence across related organisms.  The high information content of very long reads such as 102 
those provided by MinION™ (Oxford Nanopore Technologies, Inc., Oxford, UK) has the potential to 103 
overcome some of the limitations of short reads by allowing for longer alignments that potentially can 104 
contribute to higher taxonomic specificity and resolution.  Although conceived almost two decades 105 
ago [1], nanopore-based whole-molecule sequencing has only recently become available to 106 
MinION™ Access Programme (MAP) participants for exploration and practical application [2].  Data 107 
generated by early access MinION™ flow cells have been assessed for whole genome sequencing [3, 108 
4, 5, 6, 7], gene expression and transcriptome studies [8, 9, 10], clinical applications such as antibiotic 109 
resistance, influenza, and Ebola [11, 12, 13], and bacterial and viral serotyping [14].  One study has 110 
evaluated the potential of this new sequencing platform to address clinical metagenomes of viral 111 
pathogens [15]; however, the MinION has not to date been evaluated for the potential characterization 112 
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of environmental metagenomes.  To demonstrate the potential of this platform for broader 113 
applications, we performed a set of experiments to quantify the ability of MinION™ long-read 114 
sequence data to accurately determine the structure of metagenomes by assessing its performance in 115 
identifying the taxonomy and relative proportions of the organisms in synthetic metagenomes. 116 
 117 
Data description 118 
The raw MinION data [16] collected during sequencing by MinKNOW software (versions 0.49.2.9 119 
through 0.51.3.40 b201605171140) were immediately uploaded as FAST5 packets to Metrichor 120 
Agent (r7.3 2D basecalling, ver rx-2.22-44717-dg-1.6.1-ch-1.6.3; Mk1 2D basecalling, ver WIMP 121 
Bacteria k24 for SQK-MAP006), after which base-called data [16] were returned to the host 122 
computer, also in the form of FAST5 files.  The programs poRe [17], Poretools [18], and NanoOK 123 
[19] were used to extract and characterize the numbers of reads and channels, archive only the 2D 124 
reads into a FASTQ and FASTA files for downstream analyses.  The basecalled data sets were 125 
scrutinized by methods commonly employed in metagenome analysis including WIMP [20], BlastN 126 
[21] versus a database of all bacteria, Kraken [22] which indexed more than 5000 genomes and 127 
plasmids, MG-RAST [23] which assigned taxa based on predicted proteins and rRNA genes, and 128 
principal components analysis based on the frequency of 5-mers in each read then annotated with the 129 
top BlastN hit, and this was carried out in R [24]. 130 
 131 
Results 132 
MinION™ WGS libraries were generated from 1 g of fresh DNA isolates (see Methods) of 133 
laboratory cultures of two Proteobacteria, Escherichia coli and Pseudomonas fluorescens, and two 134 
Cyanobacteria, Microcystis aeruginosa, and Synechococcus elongatus, and from mixtures of these 135 
four species (either equivalent amounts of DNA or using three common and one rare species), 136 
yielding sufficient Pre-sequencing Mix for multiple loads of each flow cell.  An additional library 137 
prepared from a commercially prepared 20-species mock community required genome pre-138 
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amplification using 29 polymerase to generate sufficient material to prepare the sequencing library 139 
because only 100 ng of material are provided by the supplier of this product. 140 
The single-species runs generated up to 22103 reads (0.2–1.1103 2D reads) ranging from as 141 
short as 5 bp to as long as 267103 bp (Table 1), of which 90% of assignments for the high quality 142 
2D reads for E. coli, P. fluorescens, and S. elongatus concurred with the known species (Table 2).  143 
For M. aeruginosa, at best 58% of 2D reads were correctly assigned to the level of species, although 144 
many of the mis-assigned reads aligned to closely related cyanobacteria genera, Sphingobacteriaceae, 145 
and other prokaryotes known to break down microcystin [25].  Comparative 16S analysis of the 146 
various preparations used to construct the synthetic communities confirmed identity of the former 147 
three strains, whereas for the latter strain M. aeruginosa, the 16S analysis indicated 90% similarity to 148 
M. aeruginosa and M. panniformis (Table 3). 149 
In the second round of validation, using three synthetic communities containing mixtures of the 150 
same afore-described species, 6–12103 reads (0.7–1.3103 2D reads) were generated per run, 151 
ranging in length from 0.6-56.8103 bp (Table 1).  For the two communities comprised of equal DNA 152 
contribution from four eubacteria (25% each species), WGS proportions aligned roughly but not 153 
exactly with the known proportions (Table 2).  In the early run (MinION with R7.3 flow cell) 154 
specifically, classification results were 27% E. coli, 16% M. aeruginosa, 30% P. fluorescens, 21% S. 155 
elongatus, 3% Enterobacteriaceae, and 3% misclassified.  In the subsequent test (Mk1 with R7.3 flow 156 
cell), classification results were 26% E. coli, 18% M. aeruginosa, 30% P. fluorescens, 22% S. 157 
elongatus, and 3% Enterobacteriaceae, and 1% misclassified (Figure 1).  For the community with 158 
three common (33% of each) and one rare (1%) representative, classifications were 33% E. coli, 34% 159 
P. fluorescens, 29% S. elongatus, 1% M. aeurginosa, 2% misclassified (a third of those latter category 160 
of reads were assigned to Shigella).  Read annotation of 5-mers for both the “Equal” and “Rare” 161 
community data sets using the top BlastN hit for each read revealed that 5-mer frequency profiles of 162 
MinION long-read sequences were shared within species.  This was reflected in the 5-mer frequency 163 
analysis which revealed distinct clusters in the PCA (Figure 2). 164 
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In the final round of testing, the mock microbial community with 20 species included in 165 
“staggered” proportions (i.e., 1,000 to 1,000,000 16S rRNA operon copies per organism per L of 166 
material supplied) yielded 14.7103 reads (3.5103 2D reads) ranging in length from 0.5-20.9103 bp, 167 
sufficient to detect all of the high and moderate species, but the sequencing run failed to detect 3 of 5 168 
species that were included at very low rRNA operon copy number (Table 4).  For that run, 25% of 169 
reads were to Enterobacteriaceae and misclassifications accounted for only 0.2% of read 170 
assignments. Greatly overrepresented in the results for this run were reads assigned to E. coli 171 
(included as 20% of DNA but observed as 46% of read assignments), whereas greatly 172 
underrepresented in the results were reads assigned to R. sphaeroides which was included as 41% of 173 
DNA but accounted for only 1% of read assignments (Figure 3). 174 
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Table 1 MinION™ sequencing output details for single-species and synthetic mixtures.   191 
Experiment 
(chemistry) 
Pores 
with 
reads 
Run 
time 
(hr) 
Total 
bp 
(Gbp) 
Total 
Reads 
Number of          
2D reads 
Mean 2D 
read length 
(bp) 
MG-RAST 
Accession 
E. coli (5) 430 42 83.6 26590 1112 5274 4629367.3 
P. fluorescens (5) 453 48 119.4 25228 777 7784 4629445.3 
M. aeruginosa (5) 377 18 40.8 22760 569 5676 4629369.3 
S. elongatus (5) 367 23 18.3 6163 224 5101 4629381.3 
Equal mixture (25% of each of four species)       
(5) 129 24 26.5 10592 714 5527 4614572.3 
(6) 437 44 77.1 12174 1358 5202 4685746.3 
Rare mixture (1% of M. aeruginosa and 33% each of three other species)      
(6) 449 18 39.0 6728 899 6194 4685745.3 
Staggered mixture (20 species in various proportions)       
(6) 300 33 39.0 14711 3497 2612 4705090.3 
The four single species were sequenced using the original MinION device with SQK–192 
MAP005 chemistry: indicated by (5).  The equal mixture was sequenced using both the original 193 
MinION device with SQK–MAP005 chemistry and the Mk1 (SQK-MAP006 chemistry: 194 
indicated by (6)).  Columns relating to 2D indicate bi-directional reads with quality above Q9. 195 
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Table 2 Assignment of metagenomic reads based on three analyses. 207 
Experiment  BLASTN   KRAKEN   MG-RAST  
 Known Mis Un Known Mis Un Known Mis Un 
E. coli  95.0 4.2 0.8 90.9a 0.5 1.7 50.3a 31.0b 18.3 
P. fluorescens  79.3 16.6 4.1 79.3 15.2 5.5 79.5 19.6 0.9 
S. elongatus  82.8 2.4 14.8 91.5 1.8 6.7 85.9 12.6 1.5 
M. aeruginosa  24.8 7.4 67.8 45.0 8.9 46.1 58.4a 35.0 5.5 
Equal mixture (25% each of four spp)       
(5) 88.2a 4.6 7.1 76.1 11.6 12.3 61.4 38.5c 0.1 
(6) 93.5a 2.7 3.7 95.4 2.0 2.6 77.1 22.6b 0.3 
Rare mixture (1% of M. aeruginosa and 33% each of three other spp)       
(6) 96.6 1.0 2.4 95.2 0.9 3.9 79.6 20.2b 0.2 
Staggered mixture (20 species in various proportions)       
(6) 92.1 3.6b 4.3 89.3 1.9 8.8 54.1 28.8b 17.1 
Percent of 2D reads assigned to the known genus (Known), assigned to another genus (Mis), 208 
and unclassified at the level of genus (Un) for single-species DNA preparations (all run using 209 
the original MinION™ platform) and synthetic mixtures sequenced on the MinION and 210 
analyzed by MG-RAST, Kraken, and BlastN.  aIn some cases, reads were classified only to a 211 
higher (correct) taxonomic level than genus, resulting in totals < 100% for various analyses. 212 
bMostly Shigella.  cMostly Stentrophomonas and Shigella.   213 
 214 
 215 
 216 
 217 
 218 
 219 
 220 
 221 
 222 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Table 3  Breakdown of BlastN assignment of 16S reads for single-species DNA 223 
preparations used in this study. 224 
 225 
Culture 
Final 
sequence 
Length 
(bp) 
Sequence matches in BlastN 
    %                 Organism 
Escherichia coli 1440 97 E. coli numerous strains 
Escherichia coli 1696 99 E. coli numerous strains 
Escherichia coli 1604 99 E. coli numerous strains 
Microcystis aeruginosa 1418 90 M. aeruginosa NIES-843 and NIEHS-2549,  
      and M. panniformis FACHB-1757 
Pseudomonas fluorescens 1570 96 P. fluorescens A506 and LBUM223 
Pseudomonas fluorescens 1386 96 P. fluorescens A506 and LBUM223 
Synechococcus elongatus 1719 99 S. elongatus PCC 7942, PCC 6301, UTEX 2973 
Synechococcus elongatus 1640 99 S. elongatus PCC 7942, PCC 6301, UTEX 2973 
Synechococcus elongatus 1642 99 S. elongatus PCC 7942, PCC 6301, UTEX 2973 
Synechococcus elongatus 1431 99 S. elongatus PCC 7942, PCC 6301, UTEX 2973 
Synechococcus elongatus 1583 99 S. elongatus PCC 7942, PCC 6301, UTEX 2973 
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Table 4 Known and estimated composition of 20-species mock staggered community. 237 
 238 
Organism 
Operon  
count/L 
Quantity  
pg/L 
% DNA 
in template 
WIMP 
% 
species 
WIMP 
% 
Genus 
Acinetobacter baumannii 10,000 8.2 0.24 0.14 0.14 
Actinomyces odontolyticus 1,000 1.0 0.03        nd        nd 
Bacillus cereus 100,000 45 1.33 0.53 0.53 
Bacteroides vulgatus 1,000 0.8 0.02 0.10 0.10 
Clostridium beijerinckii 100,000 44 1.30 0.19 0.19 
Deinococcus radiodurans 1,000 1.0 0.03 0.05 0.05 
Enterococcus faecalis 1,000 0.7 0.02        nd        nd 
Escherichia coli 1,000,000 680.0 20.04 45.61 45.66 
Helicobacter pylori 10,000 8.6 0.25 1.68 1.68 
Lactobacillus gasseri 10,000 3.2 0.09 0.14 0.14 
Listeria monocytogenes 10,000 5.0 0.15 0.38 0.38 
Neisseria meningitides 10,000 5.8 0.17 0.24 0.24 
Propionibacterium acnes 10,000 8.8 0.26 0.48 0.48 
Pseudomonas aeruginosa 100,000 160.0 4.71 1.25 1.25 
Rhodobacter sphaeroides 1,000,000 1,400.0 41.25 1.01 1.01 
Staphylococcus aureus 100,000 59.0 1.74 0.38 3.88 
Staphylococcus epidermidis 1,000,000 510.0 15.03 7.67 7.72 
Streptococcus agalactiae 100,000 32.0 0.94 0.96 1.01 
Streptococcus mutans 1,000,000 420.0 12.38 10.17 10.17 
Streptococcus pneumoniae 1,000 0.6 0.02        nd         nd 
Othera,b  0.0 0.00 29.02a 25.37b 
Correct assignments    70.98 74.63 
Prokaryote DNA included in the 20-species mock staggered community (obtained from bei 239 
Resources, ATCC, HM-783D, provided at 5.5 ng/μL, pre-amplified with 29 polymerase 240 
prior to MinION™ sequencing) compared with WIMP analysis result.  “nd”: not detected.   241 
aOf these, 12.7% were correctly assigned to genus, 86.4% were Enterobacteriaceae, and only 242 
0.7% were misclassifications.  bOf these, 86.4% were Enterobacteriaceae and only 0.7% were 243 
misclassified. 244 
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Discussion 247 
Sequencing of whole genome preparations can enhance environmental metagenomic analysis by 248 
providing more precise identification of species diversity [26, 27].  Typical environmental samples 249 
contain tens of thousands to millions of organisms, yet the resulting metagenomes almost certainly 250 
underrepresent this diversity, and often due to short-read strategy, the resulting data sets can be 251 
confidently assigned only to higher taxonomic levels [28, 29].  One strategy to alleviate this problem 252 
is to carefully assemble metagenomic data, which despite the resulting chimerism has been shown to 253 
greatly enhance species call correctness [30].  However, even with enhanced sequencing and 254 
bioinformatic strategies, many public database accessions contain extra-species sequences, e.g., 255 
symbionts, parasites, pathogens, and sequencing linkers/primers/adapters (unbeknownst to those who 256 
have accessed the data) that can lead to false discovery rates [31].  Hybrid accessions in particular, 257 
can potentially affect metagenome results predicated on short reads to a greater extent that would be 258 
expected from analyses based on long reads, which have the potential to circumvent the effect of 259 
hybrid accessions.  Long reads can circumvent these issues assuming that much of the genome for 260 
each component organism is represented in the sequencing library and that there are few errors in the 261 
sequences and the comparative database.  The results reported here allow us to consider the potential 262 
for long read sequencing via MinION and subsequent metagenomic analysis.  We found that for low 263 
complexity synthetic communities, the results indicate that long reads provided by MinION R7.3 flow 264 
cells provide sufficiently precise sequence data to assign groups represented at or above 1%.  In fact, 265 
2 of 5 species included at <0.05% in a mock community were detected.  Furthermore, for un-266 
amplified whole genome preparations, read assignments were observed to be within about 10% of 267 
their proportional occurrence in the metagenome. Ultimately, we saw that although the reads were 268 
longer, because the sequence coverage was not as deep, the improvement in specificity of assignment 269 
was offset by a reduction in the sensitivity, and some of the genomes present at low concentration 270 
were not sequenced. 271 
 The fact that the estimated proportions of community members were not precise despite 272 
careful quantitation could indicate differences across library preparation (all libraries were prepared 273 
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by BLB), reagent kits, flow cells, MinKNOW control scripts, the quality of DNAs used to create the 274 
synthetic metagenomes, and the methods used for quantification (Qubit for the home-grown mixtures 275 
and UV spectrophotometry for the 20-species mixture).  Because DNA quality is of paramount 276 
importance for MinION sequencing, PreCR (SQK-MAP005 protocol) or FFPE Repair Mix (SQK-277 
MAP006 protocol) was included in the preparation of all libraries.  The potential for profound effects 278 
related to library preparation recently was examined [27] leading to the recommendation that studies 279 
of complex metagenomes should be based on PCR-free approaches.  The current data indicate that the 280 
MinION lends itself well to a PCR-free approach but that utility for analysis of complex 281 
metagenomes is limited at the current time by the small number of reads that pass the quality filtering 282 
process.  The current study also provides data for considering alternatives to PCR for amplification, in 283 
this case GenomiPhi™, which was used to generate sufficient DNA for one library in the current 284 
study (“Staggered”).  This method is optimized for linear DNA and was intended to generate unbiased 285 
copies of the 20-species genomes.  Nevertheless, this pre-amplification step is one likely reason that 286 
could account for the overrepresentation of E. coli and underrepresentation of R. sphaeroides in the 287 
Staggered run.  However, another distinct possibility that could account for incongruence of known 288 
and estimated proportions in the Staggered community is that organisms for which there are many 289 
accessions in the public databases provide for more precise classification (e.g., E. coli complete 290 
genome accessions) and that vice versa, organisms with relatively few accessions (e.g., R. 291 
sphaeroides accessions) result in less precise classification.  A third possibility is that the original 292 
DNA preparation for R. sphaeroides was less pure or more degraded than preparations for the other 293 
19 species. A novel low input DNA approach recently reported [32] could enhance such MinION 294 
analyses. 295 
 Despite the rather small number of 2D reads that were observed to pass the quality filter 296 
across all MinION runs, there was a strong biological signal in the data (Figure 2).  Thus, as 297 
investigators have found MinION useful for single genome introspection [4, 7, 13], 16S and other 298 
amplicon resolution [14, 33], cDNA sequencing [9], and assembly [3, 34, 35], our findings imply that 299 
this platform has immediate utility for analysis of very simple mixtures (e.g., serum testing for 300 
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pathogens).  Over the 18-month period of MinION use for this set of experiments, 2D pass rates 301 
increased from 2% to 24%.  That rate of improvement is concurrent with Moore’s Law [36] and lends 302 
support to the expectation that the platform will continue to improve for the foreseeable future.  The 303 
cloud-based WIMP base-calling and taxon prediction program associated with the device provides a 304 
method of real-time analysis of metagenomic data.  However, because we had no control over the 305 
comparative database, the cloud implementation of WIMP was far less flexible for environmental 306 
metagenomic analysis than local Kraken, and we note that use of an inappropriate or incomplete 307 
database can lead to false positives and negatives.  Further investigations of MinION output and data 308 
analysis should focus on evaluation of the informative value of 1D reads, alternative alignment 309 
algorithms, and more sophisticated k-mer analyses.  As the quality rate for this platform improves, the 310 
potential will increase for MinION to provide data for the majority of organisms that are included in 311 
an environmental metagenome. 312 
 313 
Methods 314 
To set a baseline of expectations for MinION metagenomic analysis, we performed single-species 315 
sequencing runs with four organisms.  Cell cultures at log phase were harvested by spinning 15 mL 316 
culture tubes at 3,000  g for 30 min and DNA was isolated using the PowerSoil DNA kit (MoBio, 317 
Carlsbad, CA, USA) according to the manufacturer’s instructions.  Nucleic acid quality and quantity 318 
were checked via Nanodrop 2000 and Qubit, whereafter 1 g of DNA was used to prepare sequencing 319 
libraries.  For the first two mixtures, equal portions of DNAs from all four organisms (250 ng each) 320 
were used (“equal”) and for the third mixture (“rare”), equivalent amounts of three of the species were 321 
used (330 ng each) and M. aeruginosa was included as only 1% of the mixture (10 ng).  An additional 322 
preparation of a mock community containing 20 microbe species was obtained from a commercial 323 
source (HM-783D, bei Resources, ATCC, Manassas, VA, USA).  Because sequencing libraries for 324 
this study began with 1 g of DNA, to generate sufficient starting material 1 L of the mock 325 
community sample (5.5 ng of template) was pre-amplified using 29 enzyme from the GenomiPhi 326 
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V3 kit (25-6601-24, GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) according to the 327 
manufacturer’s recommendation. 328 
Sequencing libraries were prepared for R7.3 flow cells run on an original MinION device using 329 
the Genomic DNA Sequencing Kit SQK–MAP005 according to the base protocol from Oxford 330 
Nanopore with slight modifications [37] and for R7.3 flow cells run on the Mk1 device using the 331 
Nanopore Sequencing Kit SQK–MAP006 according to the manufacturer’s recommendations.  The 332 
steps for library SQK–MAP005 preparation included in this order: shearing 1 g in a Covaris g-333 
TUBE (Covaris, Inc., Woburn, MA, USA) at 2,000  g for 2 min, treatment with PreCR (New 334 
England Biolabs, Beverly, MA, USA), cleanup with 1X AMPure beads (Agencourt, Beckman 335 
Coulter, Brea CA, USA), end-repair with NEBNext End Repair Module (New England Biolabs), 336 
cleanup with 0.5X AMPure beads, dA-tailing with NEBNext dA-Tailing Module (New England 337 
Biolabs), ligation to a cocktail of both the leader and hairpin sequencing adapters (Oxford Nanopore 338 
Technologies) using Blunt TA Ligase (New England Biolabs), cleanup using his-tag Dynabeads (Life 339 
Technologies, City, State, USA), and recovery of the pre-340 
(Oxford Nanopore Technologies).  After priming the flow cell with EP solution according to the 341 
manufacturer’s recommendations, an initial 6 L aliquot of the pre-sequencing mix (at 10-20 ng/L) 342 
was combined with 141 L EP Solution and 3 L Fuel Mix and applied to the flow cell.  Thereafter, 343 
at 6-8 hr intervals, additional pre-sequencing mix aliquots (held on ice) combined with EP Solution 344 
and Fuel Mix were added to the flow cell at times roughly coinciding with re-programmed pore 345 
“remux,” which is a process that adjusts the bias voltage and mux channels to maximize yield 346 
performance.  Modified scripts (J. Tyson, pers. comm.) caused the MinION device to perform four 347 
remux steps at 8 h intervals to maintain regular increases in data (Figure 4).  348 
Steps for library SQK–MAP006 preparation included in this order: shearing in a Covaris g-TUBE 349 
(Covaris, Inc., Woburn, MA, USA) at 2,000  g for 2 min, treatment with PreCR (New England 350 
Biolabs, Beverly, MA, USA), cleanup with 1X AMPure beads (Agencourt, Beckman Coulter, Brea 351 
CA, USA), combined end-repair and dA-tailing with NEBNext UltraII End Repair/dA-Tailing 352 
Module (New England Biolabs), cleanup with 1X AMPure beads, ligation to a cocktail of both the 353 
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leader and hairpin sequencing adapters (Oxford Nanopore Technologies) using Blunt TA Ligase 354 
(New England Biolabs), addition of a tether to the hairpin segment, cleanup using MyOne 355 
Streptavidin C1 Beads (Life Technologies, Carlsbad, CA, USA), and recovery of the pre-sequencing 356 
with 357 
running buffer and fuel according to the manufacturer’s recommendations, an initial 6 L aliquot of 358 
the pre-sequencing mix (at 10-20 ng/L) was combined with 75 L Running Buffer, 65 L water, and 359 
4 L Fuel Mix and applied to the flow cell.  Thereafter, at 8 hr intervals, additional pre-sequencing 360 
mix aliquots (held on ice) were combined with Running Buffer and Fuel Mix and added to the flow 361 
cell at times roughly coinciding with re-programmed pore remux (modified scripts from J. Tyson, 362 
pers. comm.)  Modified remux scripts were not used for the final MinION Mk1 run (Staggered 363 
community analysis) because that run was controlled by a new version of MinKNOW. 364 
Comparative data sets were generated for each of the four single species templates using 365 
full length ~1500 bp Sanger sequencing of a 16S amplicon.  Reads from the 16S analysis 366 
were subjected to BlastN for taxonomic assignment.  Data from the MinION were accessed 367 
on the MG-RAST server and annotated based on their predicted proteins and rRNA genes. 368 
 369 
Figure 1  Result of “What’s in my pot.”   370 
Rendering of real-time analysis using WIMP [20] of whole genome sequences from a 371 
synthetic mixture prepared from equal DNA quantities of four cultured microbe species 372 
(experiment “Equal Mk1”) and run on the MinION™ sequencing platform.  Arc angle is 373 
proportional to the number of reads assigned to the indicated species.  Colors (scale at bottom 374 
of diagram) refer to the classification score threshold (for this analysis the threshold for 375 
inclusion was 0.01).   376 
 377 
Figure 2 Principal component analysis of normalized 5-mer frequency (i.e., percentage) 378 
within each MinION™ read.  379 
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Performed for runs with equal portions of four species and with three equal and one rare 380 
species included in the DNA pool.  “none”: read had no BlastN hits.  “other”: read had 381 
BlastN hits but not one of the four species included in the mix. 382 
 383 
Figure 3 Log abundance of reads assigned from staggered mixture.   384 
DNA of 20 species mixed in various proportions (bei Resources, ATCC, HM-783D, operon 385 
counts L-1 in original mixture indicated along bottom margin of bars), was pre-amplified 386 
with Φ29 polymerase prior to library preparation and sequenced with MinION™. The 2D 387 
pass reads were assigned to taxa using Kraken.  Colored bars are species included in the mix 388 
whereas gray bars indicate species detected but not included in the original DNA mixture. 389 
 390 
Figure 4  Read production using a MinION™ Mk1 device and an R7.3 flow cell.   391 
Shows reads collected from a synthetic metagenome made with equal DNA amounts from 392 
four microbes and a library prepared using SQK–MAP006 kit.  Arrows indicate approximate 393 
times when additional aliquots of library and fuel were added. 394 
 395 
Availability and requirements 396 
 Project name: Experimental Metagenome on MinION 397 
 Project home page: https://github.com/gigascience/paper link will be here. 398 
 Operating system: Unix  399 
 Programming language: Bash and R  400 
 Other requirements: Unix 401 
 License: N/A 402 
 403 
Availability of supporting data 404 
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The datasets supporting the results of this article are available in the GigaDB repository 405 
[Brown et al. 2016] and MG-RAST 4629367.3, 4629445.3, 4629369.3, 4629381.3, 406 
4614572.3, 4685746.3, 4685745.3, 4705090.3 407 
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We respectfully submit the attached manuscript entitled, “MinION™ nanopore sequencing of 
environmental metagenomes: a synthetic approach,” for consideration for publication in 
GigaScience. 
 
We have selected GigaScience as the venue to share our results with the world for two primary 
reasons.  First, a numbe of other MinION papers are located in this journal so our work will 
likely be seen by others who are considering use of this sequencing platform.  Second, because a 
number of other metagenomic studies are published in this journal, we believe that our work will 
be noted by researchers who are  
 
Our manuscript is worthy of publication in GigaScience because it is well-conceived, considers 
in depth the consequences of long read sequencing of both simple and complex mixtures, and 
provides clear guidance for selecting analytical tools for long read sequence data analysis. 
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